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LIGO Hanford (4km)
X ]

LIGO, Virgo, KAGRA:
3 collaborations working together




DA Organization

O All data analysis activities of interest to Virgo-LIGO-KAGRA are a joint business of
both collaborations

Joint LIGO Virgo KAGRA working groups

A LIGO-Virgo-KAGRA data analysis activities for GWs are planned on the basis of the
joint data analysis white paper, released yearly



Detector tensor and angular sensitivity pattern

= We can represent as a function of the GW's
direction of propagation

['(n) = DV [cos e (n) + sintpes(n)]

= For each 71 there is an optimal polarization
angle Y,;

" Yopt + /2 gives a decoupled polarization

= This gives the directionality of an
interferometric detector




Quantum fluctuations in early universe

Binary supermassive black

holes in galactic nuclei
- -

¢ Compact binaries in our
L galaxy and beyond
=3 - -
o
w
Compact objects _
captured by Rotating
supermassive neutron
black holes stars and
LIGO - supernovas
& = o2 10 Age of -
2 = gzg wol | Time between universe Years Hours ecs Millisecs
T Wave frequency 107 1032 10*
Frequency [Hz| f H Er'tz,]
Virgo
g = oo E Cosmic microwave Space
E = O5: 150-260 Mpc o hat‘.l{grﬂu nd PLI'S-.':'II" i I‘It‘El"f’E I'U mEtE r5
E polarization timing ,
E 8 ' " Terrestrial
107241(] 100 1000

interferometers

Frequency [Hz]

Living Rev Relativ 23, 3 (2020).
https://doi.org/10.1007/s41114-020-00026-9




Gravitational wave observations

Several kind of searches, roughly classified in 4 groups:

@ Burst: search for transients with minimal
assumptions about signal’s shape

Q CBC: signals from compact binary
coalescences, searched with specific,
theoretically motivated (GR or
alternative models) waveforms.

Q CW: continuous signals: rotating
neutron stars, ...

Q Stochastic: stochastic signals,
astrophysical or cosmological origin.

Direct information about mass-energy
distribution, unique or complementary
observative channel.

Core collapse massive stars,
cosmic strings, ..

Coalescing binaries:

VW BH-BH,
v NS-NS,

v BH-NS

o | Spinvivigy NS (Tsolated or not),

Twstabilities, ...

Twuflation, phase trausitions, cosmic
strings, astrophysical lmck@romvéals,m



Coalescing binaries

Inspiral - Merger | Ringdown

known = supercomputers known

~1000 cycles simulations
~1 min ? |
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A first tool: the Wiener filter

W (

Q1

_ [T T@E 1) 5(f)
A=

= A scalar product between observed and theoretical signal

= Weighted with the noise power spectrum

= Detection comparison between max W and a threshold
a

= About 250000 templates | 0 bl <osmmnbal <ot N
CT3 Ixi,2| < 0.9895 // 3
= Parameter estimation O cwisizs Pl
= fast (low latency); g T tﬁliiﬁl;ggjﬂggc), ; \‘\ I
= One for each detector; g |‘1|
1

Accurate parameter

estimation uses a different
approach

my [Me)] 8






A second tool: the Bayes’ theorem

= |f we know the statistical properties of detector’s noise we can write

P(s1, -+ ,sn|a)
\ ' J S~

Data (known) Parameters (unknown)

= From Bayes’ theorem it follows

P(817°°'73N‘&)P(&)
P(317°”73N)

P(alsy, -+ ,sn) =

= This is the «mother of all information»
» Takeaway message: waveform can contain detailed information about parameters

= We will see some example in the following.....



Other analysis methods, in a nutshell

= Continuous waves = Stochastic background

= Basically, known signal (but with interesting
exceptions)

= But the optimal Wiener filter approach is too
much demanding

= Suboptimal approaches: compromise
between computational power and
coherence/sensitivity

= Bursts
= Unknown signals

= Several variant of energy excess test, taking
advantage of minimal assumptions, such as

= Very short signal
= Consistency between different detectors

= “Signal” can be modeled only in a statistical way, as
a random process

= Stationary
= Gaussian (but this is not necessarily true)

($168) = )+ () + )+ T

= |f we assume isotropy, all the information is
contained in the signal power spectrum

SUF) = 1072 f3

which can be directly estimated. But we can do
more.....
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Cosmological SB

« Several possible
backgrounds:

e |nflation models
« Cosmic strings
 Phase transitions

- We started to have a
high enough sensitivity
to improve BBN-CMB
upper bound

« Some models
accessible with
advanced detectors

Energy Spectrum €2
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THE FIRST 5
YEARS OF
OBSERVATIONS

—— ﬂ
2017 NOBEL PRIZE IN PHYSICS
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GW150914: the first direct GW observation

Primary black hole mass 3673 Mo
Secondary black hole mass 29fi Mp
Final black hole mass 6274 Mo
Final black hole spin ¥ e
Luminosity distance 410‘_“%28 Mpec
Source redshift, = 0.0919-92

Binary coalescence search

20 30 4-10 >5.10
5 20 30 41.10 >5.1o0
10%4 EEE Search Result E
101 = Search Background
” 1001 = Background excluding GW150914 -
< 10-1
b 10~+¢ T
3 10721 ]
el 10-3 GW150914
@
o 1074
€
S5 1073
b
10-6 I"ll"l
10-7
10—8_‘ "'.I 1 | ‘.I
8 10 12 14 16 18 20 22 24

Detection statistic o,

Hanford (H1)

Livingston (L1)

T T T

1.0
0.5
0.0
-0.5 |

T T T

'y

-1.0 |-

—— H1 observed 1 =
1 I ]

— L1 observed | I -
H1 observed (shifted, inverted)
I I 1

T | ]

1.0
0.5
0.0
-0.5 |-

Strain (1072}

T | T T

-1.0

H — Numerical relativity
Reconstructed (wawvelet)
. Reconstructed (template)
I I

H — Mumerical relativity .
Reconstructed {wawvelet)
s Reconstructed (template)
T I

0.5 F T T T T F T T T =
0.0 Wﬂ'MVhMWW\W\W'.-WN‘ WW\/\-WM"W"W
-0.5 -

0.30 0.35 0.40 0.45 0.30 0.35 0.40 0.45
Time (s) Time (s)

Pea = 1/203000 yr!
Significativity > 5.30

Interpretation: BBH coalescence
Similar events followed:

- GW150914 (September 1

4th 2015)

« GW151226 (December 26th 2015)

- GW170104 (January 4th

2016) 13




Event rate (counts/s)  Event rate (counts/s)  Event rate (counts/s)

Frequency (Hz)

120000 4 (> 100 keV)
1175004 |
115000 -

112500

ma [Mg]

| Lighteurve from Fermi/GBM (10 — 50 keV)

1750 1
1500 4
1250 1
1000 1

750

Lighteurve from INTEGRAL/SPL-ACS

300
200

100

-10 -8 —6 -4 -2 0 2 4 6
Time from merger (s)

30°

x| <005
19 (x| <089

11

1.0 0°
15h 12h
0.9
18h
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my Mg

Phys. Rev. Lett. 119, 161101 (2017) Astrophys. J. Lett. 848, L12 (2017) Astrophys. J. Lett. 848, L13 (2017)

GW170817: a BNS coalescence

Jat-15M shock (afterglow)

Optical (how s-days)

Seen in GW data
R Ejecta<ISM shock
Cohincident (in 2s) with a short GRB 3-2! &
detected by Fermi/GBM & INTEGRAL uF
(not so energetic, probably off axis) it
. 2 2 62 ;’ Kilonova
pllcal {f = 1 day
Well localized (31 deg? = 16 deg?) @D/
" s Merger ojecta = e
11 id Ticlal :af}(.:.r;c_l:;li:!:wmd
Optical counterpart found in host U |
galaxy NGC 4993 o . — 2
2. g
. P
Kilonova i
9
. (58
Afterglow observations O
50 Low-spin priors (|y| < 0.05) High-spin priors (|y| < 0.89)
Primary mass m, 1.36-1.60 M 1.36-2.26 M
Secondary mass m; 1.17-1.36 Mg 0.86-1.36 Mg
N Chirp mass M 11887 00% M, 1.188100%M
E (_T Mass ratio m,/m; 0.7-1.0 0.4-1.0
Total mass 274500 M 2821047 M g,
Radiated energy E,q > 0.025M 52 > 0.025M o2
9h Luminosity distance Dy 4():?4 Mpe 4():?4 Mpc
J Viewing angle © < 55° <56°
-30° Using NGC 4993 location < 28° <28°
Combined dimensionless tidal deformability A < 800 < 700
0 25 M 50 75 Dimensionless tidal deformability A(1.4M ) < 800 L < 1400
pc T


https://doi.org/10.1103/PhysRevLett.119.161101
http://iopscience.iop.org/article/10.3847/2041-8213/aa920c/meta
http://iopscience.iop.org/article/10.3847/2041-8213/aa91c9/meta

Counterparts

Fermi/GBM

LIGO - Virgo

INTEGRAL/SPI-ACS

frequency (H
counts/s (a}b. scale)

(o4
o

6

normalized F,

400 600

1000
wavelength (nm)

2000

GW e

LIGO, Virgo

y-ray ®

Fermi, INTEGRAL, Astrosat, IPN, Insight-HXMT, Swift, AGILE, CALET, HE.S.S., HAWC, Konus-Wind

| | I

X-ray

Swift, MAXIVGSC, NuSTAR, Chandra, INTEGRAL

uv

Swift, HST

Chandra J VLA
— 5% .I
i o
9d X-ray 16.4d Radio
Coulter et al. 2017 Yang et al. 2017 Tanviret al. 2017
1M2H Swope DLT40 VISTA
10.86h il[11.08n h||11.24n YIK,
MASTER DECam - Las Cumbres
; ' ; ‘ ‘
. .
11.31h, w |[11.40n izl[11.57n ’
Lipunov et al. 2017 Allam et al. 2017 Accavietal. 2017

Optical

Swope, DECam, DLT40, REM-ROS2, HST, Las Cumbres, SkyMapper, VISTA, MASTER, Magellan, Subaru, D“MM ‘ \
HCT, TZAC, LSGT, T17, Gemini-South, NTT, GROND, SOAR, ESO-VLT. KMTNet, ESO-VST, VIRT, SALT, CHILES TOROS,
=

ORI N

BOOTES-5. Zadko Melescope Net, AAT, Pi of the Sky, AST3-2, ATLAS, Danish Tel, DFN, T80S, EABA

Y
A

Observatories are still looking at

this today.

IR -
REM-ROS2, VISTA, Gemini-South, 2MASS Spitzer, NTT, GROND, SOAR, NOT. ESO- Wala Telescope, HST

~
-
-

\
o

RET D0 REP

> &
Radio / /i
ATCA, VLA, ASKAP, VLBA, GMRT, MWA, LOFAR, LW, A, OVRO, EVN, e-MERLIN, MeerkKAT, Parkes, SRT, Effelsberg \ |
B P AV LTANEENL W IR
-100 -50 050 102 10" 10"
_t(s) t-t. (days) 15




Nuclear matter EQOS

“'_'tﬁm-ﬁ},u';ﬂf
1 52000 —1000 0 1000 2000
0.5
III lllll ] lusl 1 il
It |'|I!I 11} i/
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IO —  |Rhyf (M| ]
— Mg, J’i‘,i |l',‘,l._z_l.,-[_j L.,,]::
| —
B
: i ol |
. -7
-
20k L
=20 o 20

Phys. Rev. Letter 121, 161101 (2018) Phys. Rev. Lett. 111, 071101

Simplest effect:
quadrupolar deformation
induced by gravitational
strain

These tidal effects are
imprinted on GW signal...
.. which contains
information about nuclear
matter Equation of State

T

Strain noise [1

0 250 500 750 2 jﬁﬂﬂ 1250
=

10—% = 02: 100 Mpc

—
|
3]
—

p—
2
[ S]
[

10—23 .

10—24

= O1: 80 Mpc

= O3: L-130 Mpc
= 03: H- 110 Mpc
= 04: 160-190 Mpc
: 330 Mpc

10
Frequency [Hz]

«More compact» NS favoured

«Too stiff» equation of state
disfavoured

But a large amount of information is
coded in high frequency components of
the signal

we will be able to look at this much

better in the future
16


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.071101

Credits: Eso/E. Pian et al./S. Smartt & ePessto

\m.h . 1 N

Kilonova

375 . ‘

T 365

T | I | I T T T ‘ I T I T T [ I T T I ‘ I T

3.5d 1

E Pian et al. Nature 551, 67-70 (2017)
doi:10.1038/nature24298
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Siegel & Metzger 2017b, arXiv:1711.00868
Siegel & Metzger 20172, PRL, arXiv:1705.05473

Matter ejected in the post-merger

phase undergoes r-process
17






Masses In the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Neutron Stars

O3 RUN
AND BEYOND

[ )
coc0000000000000

....

LIGO-Virgo-KAGRA | Aaron Geller | Northwestern




The last scientific run: 15t Nov 2019 to 27t Mar 2020

Cumulative Count of Events and (non-retracted) Alerts

70 01 = 3, 02 =8, 03a =33, 03b =23, Total =67 = Very productive run (in spite of
COVID pandemy)
» 60
g » Events rate scaled as expected
T
5 50
%0 O1 02 O3a | /O3b . .
3 = Continuous improvement of
3 40 detector sensitivities
& 30 = Many alerts sent to the
g astrophysics community
=20
£ = A new scenario, which tested
©10 the capabilities of the LVK
collaboration
o=t
0 100 200 300 400 500 600 700
LIGO-G1901322 Time (Days) Credit: LIGO-Virgo Collaboration
Updated = O1 » 02 =m O3 = O4 05
16 March 2022
80 100 100-140 160-190
Ll G O Mic IM;:)c: Mic Mpc 240 280 325 Mpc
30 40-50 80-115 150-260
. Mpc Mpc Mpc Mpc
Virgo . T
0.7 (1-3)~10 25-128
GRA Mpc Mpc Mpc
G2002127-v11 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

]
~
2

[1256655618-1269363618, state: all]

Binary neutron star inspiral range

100 5

104

Total duration at sensitive distance [hours

0.1

60
Angle-averaged range [Mpc]

80 100

EEN
=

160

|-

= Huge amount of information to elaborate (still in

progress)

= We are now in an upgrade phase

= O4 run will change again the scenario:
= about a factor 8 in events rate

= New discoveries?

19



Gravitational-Wave Transient Catalog G rav i ta t i ona I _Wa ve

Detections from 2015-2020 of compact binaries with black holes & neutron stars

Y Transient Catalog 3

01 02 ()3a 0O3b
GWTC-3 CBC candidates with p.g, > 0.5

LO0O 5

80

Cumulative detections
|

Credit: LVK

| « & | } T
T S T T o 0.000 0.001 0.002 0.003 0.004
e Fffective BNS time—volume '_'f_:[:u:"”5 vr|

abs,
, 5 7= - palcle) ¥ oy Georgia | VANDERBILT
Sudarshan Ghonge | Karan Jani ygg@ EII:ISF’} Tec'la:i‘j E\? UNIVERSITYa
KAGRA’ bact
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O3b events

GW200220 061928 _ _
Most massive binary system in O3b with
total mass = 148 Mo

GW191219 163120

SBH meIILPer between a 1.17 My NS and
1.1 My BH. Most extreme mass ratio
=0.038) measured to date

W2
9

0

00115_042309
SBH merger between a 1.44 M, NS and
.9 M, BH

W200210 092254
NSBH or BBH merger: less massive
object has a mass ot 2.83 Mo

GW191109_010717 .
BBH merger which is very likely to have
negative spin

GW191129 134029
Least massive definite BBH merger in
O3b, with total mass = 17.6 Mo

OZQO SWZ

G

GW191103.012549
GWI191105.143521
GW191109.010717
GWI91113.071753
GW191126-115259
GW191127_.050227
GW191129.134029
GW191204.110529
GW191204_171526
GW191215.223052
GWI191216.213338
GW191219_163120
GW191222.033537
GW191230_180458
GW200105_162426
GW200112.155838
GW2001152042300
GW200128_022011
GW200129_065458
GW200202.154313
GW200208.130117
GW200208_222617
GW200209_085452
GW200210.092254
G\W200216.220804
GW200219.094415
GW200220.061928
GW200220.124850
GW200224.222234
GW200225_060421
GW200302_.015811
GW200306.093714
GW200308_.173609*
GW200311_.115853
GW200316-215756
GW?200322.091133°

Credits: Martin Hendry, Hannah Middleton
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Completing the CBC observations set

v' GW150914: the first detection of a binary
black hole coalescence

v' GW1/70817: the first detection of a binary
neutron star coalescence

v GW200105/GW200115: the first solid
evidence of binary NS-BH system
coalescence

Mass ratio

The complete set of the compact binary
coalescences we are expected to detect
with earth-bound interferometers;

« Why are we confident about these
detections?

« Why are such systems interesting?
« What we have learned?

« What we expect to learn in the future?

0.4

0.8

0.7

0.6/

0.4

0.3

0.2

GWI1TDRLT

/
| GW1 9(]45{3
L l," -

e

Y &

/ awigpi2e'?
i |

0.1

GW200[L15

o GW200185

Chirp mass (M&)

o GW100412 -

GW190521

o} |
4 o= S
T T
.Illl 1
[{ [
T 11 (L 5
&
&
30 40 50

Credit: Chris North (Cardiff University). See http://catalog.cardiffgravity.org/



http://blogs.cardiff.ac.uk/chrisnorth
http://www.astro.cf.ac.uk/research/gravity
http://catalog.cardiffgravity.org/

Companion papers: O3b Astrophysical Distribution

Events Posterior

102 . R~ Obwerved Distribution
Entering in the «statistical information driven» regime = | T N
= NSBH binaries * ~~~~~
= | ower mass gap R “Mﬁ\“f.@ I
107 - — M
= NS mass distribution

Substructure in BBH mass distribution

MAR/AM [Gpe? yr7])

BBH rate evolution with redshift ) S \ -

100

1[}(] - . ...........,..-‘E.-u...,..... Jiorsisnisiss [ —
1)) — . — s
0.6 ® i o)
~ —
o =, i : .:.
0. prie B o S L0 pr i g 10k
0.2 ; :I é | é,\lvw Observations
; | i : i :
R - SR { P R o T J e I:I HOAWTC:2-BBH Predictions
—_ = = £ $
00— : - ' — ' ' — 23
3 10 30 100 —0.75 —=0.50 -0.25 0.00 0.25 0.50 0.75 0.00 0.25 0.50 0.75 1.00 1.25
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Companion papers: O3b Astrophysical Distribution

Constraints on cosmological parameters
= No «bright sirens» in O3

= Hierarchical inference
Joint fit of cosmological parameters
and BBH source population properties

mgiet

i = 14+ 2z (Dgp; HO,Qpp,, wo)

= Statistical galaxy catalog method
Fix the source population, use
statistical galaxy catalog information tc
provide redshift information

(Hp [x) [em

sMpc]

20.002 H

0.000

2.0

1.0

p(Qm|X)

0.0

0.6

0.4

plwp|x)

0.2 -

0.1 4

0.0

0.010
0.008
0.006
0.004

0.3 1

== prior I==1 Truncated
i..i Broken Power Law Planck
Power Law + Peak SHOES
£
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i e L.
E I'dv"'L {3 th
== g — T
5 1J
" _r IIIIIII e,
J-F e 1
T T T T T
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e n-' -
e _|..l!"|_. lﬁJ_"‘u\.I.I. -'“J- -.wl-—-.._.
_---.l-"- ¢
T T T T
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-3.0 —-2.5 —-2.0 -1.5 -1.0 —0.5 0.0
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0.06

— CWI1TOE1T

Emply catalog

OLO- m— K-band with GW170817

mm K-band
0.04
0.03

/
0.02 Il
!
0.01 7
4
.
0.00 T T T T T
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20% improvement
on O2 for Hy

Still dominated by
systematic
effects
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O3a CBC Testing GR (Phys. Rev. D 103, 122002)

Properties Tests performed = RTRES/G’U&I/ f@Sf
Event Inst SNR

Dy (+oM  (1+aoM (+oM; RT IMR PAR SIM MDR RD ECH POL

[Gpe]l  [Mo]  [Mo]  [M] . . .
GW190408_181802 HLV  158:0%0 5563 238714 53132 06798 1532 / v < V & / / = MR //75,0/fa/ Merger R//?ngW/? consistency
GW190412 HLV  0.74:08 44.244F 152503 42043 06798 1892 v - v Vv v - V / test
GW190421.213856 HL  3.15°1] 100.7:151 47.0°68  104.8+47 068010 10773 v v v - V / V -
GW190503_185404 HLV ~ 1.52757} 91.9*1% 38835 88.0°103 06707 1247902 v v v - Vv V V V/ . .
GWI0512_180714 HLV 14993 4532 186°00 43441 06590 12242 v _ v v v J J = PAR parameter ized test of GW generation
GW190513.205428 HLV  2.16°p% 73.9°13F 20751 708122 0691 12900 v v v - v V / /
GWI190517.055101  HLV ~ 2.11%}0 85.837 36.173% 80.0%%7 087900 10770 v - v - v - vV / - : .
GWI190519_153544 HLV ~ 2.8577% 156.8%]5] 65.97]~, 1482714208070 15670 v v v - Vv V V / S/M 5,0//7 Induced Moments.
GW 190521 HLV 4537379 272,670 116.37]3] 259.2*555 07301, 14203 v - v - - Vv Vv /
GW190521.074359  HL 128703 92.74% 39937 88175 07290 2580 V VvV oV O/ O/ /L /S - Q = —K)(2m3
GW190602.175927  HLV 299292 173.9°20 7407197 1656753 071°01) 128702 v - v -  V / /
GW190630_185205 LV 0933 69.733 295718 664737 070700 15670 Vv O/ OV OV - /L - . . . .
GW190706.222641  HLV ~ 507-27 1837:24 7707190 17362158 080°0% 12622 v v v - V /4 V V » MDR Modified D/S,DG‘/’ sion Relations:
GW190707.093326 HL 080703 23.1°01 9.8970 22.1%0% 06600 13372 v - v Vv V - V -
GW190708.232457 LV 090703 36.1°2% 15573 344727 06900 13172 v - v V V / V- Ez — 2 C2 + A p%c®
GW190720.000836  HLV ~ 0.81:07! 24.9+% 10402 23743 072:0% 11020 v - v v v - v =P aP
GW190727.060333  HLV ~ 3.60°13% 105.2¢11945.1*32  100.0*1%2 0732010 119+ v v v - Vv V v V/
GW190728 064510 HLV ~ 0.89:0% 23.943 10.1:0% 22743 071:0% 13022 v - v v v - v s KD /?/hgdown
GW190814 LVe  024:0% 27.1#H 641°0%2 2691 02809 249:01 v v v - v/ - - —
GW190828 063405  HLV ~ 2.22:0% 80.1+%% 34.6'29 759'%0 0760% 1622 v v v v V V V V
GW190828 065509 HLV ~ 1.66*06 44.3+06  17.4:06 42745 065909 1002 v - v v Vv - / » FCH Echoes
GW190910_112807 LV 157507 102.14195 440447 97.3:%4 07040% 141402 v v v - V / V-
GW190915235702 HLV ~ 1.70°97! 78582 333432 75077 0710% 1362 v - v - v / V / . .
—0.64 —B0 =37 -7.3 —0.11 -3

GWI100924.021846 HLV 05702 1557 644:0% 14859 0679% 1159 v — / o/ / o = POL Polarization content
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Front. Astron. Space Sci. 5:44 (2018)

Modified gravity roadmap

Relativity:

Checks in dynamical, strong field

regimes

Looking at signals generated in
the very early Universe

Multimessenger:
« Standard sirens
« Propagation speed
« Damping
« Additional polarizations

« GW oscillations

Modified gravity roadmap
GWSs are a new tool to test General

Constrained by

et GW speed

Massive
Gravity

mg > 0 Bigravity

GW dispersion

Relativity Mabt

Eravity

GW oscillations

Unique theory
of massless g,

Additional
Field

Break

Assumptions

Extra
dimensions

Beans-
Dicke
-

Non-Local ) \
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O3a CBC Testing GR (Phys. Rev. D 103, 122002)

_;II.: I I;.] 1
= » Improved constraints on Lorentz violation
S
:_1 | 2;LJ['. - :T:[u_}l,r.,:'_u_.j » Graviton mass m, < 1.76 X 1072 eV/c2
- E a . | |
» Constraints on post-Newtonian parameters improved by a
factor 2
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GW190425: Observation of a Compact Binary
Coalescence with total mass ~ 3.4M,
AJL 892 (2020) L3

0.0

— x <0.89
— x <0.05
------- Galactic BNS

—_
o
1

%

1.8 — x <0.89 ]

M J N 161 ,

900 2955 250 275 300 32 350 355 400

'S

Probability density

(8]

mtot M @ _._® K
Figure 5. Total system masses for GW 190425 under different spin priors, and E
those for the 10 Galactic BNSs from Farrow et al. (2019) that are expected to 1.4

merge within a Hubble time. The distribution of the total masses of the latter is
shown and fit using a normal distribution shown by the dashed black curve.
The green curves are for individual Galactic BNS total mass distributions
rescaled to the same ordinate axis height of 1.

mg(

1.21
Most likely BNS system: another BNS detection but...
...no solid electromagnetic counterpart

Jotal mass 34133 Mgy D = 159157 Mpc 0 | | | . .
Significantly different from the known population of R Z'Ooml 2('2]‘?/_,(9)2'50 e
Galactic BNS systems

Cannot rule out BBH or BHNS

28



GW190412: Observation of a Binary-Black-Hole -

0.8

Coalescence with Asymmetric masses
Phys. Rev. D 102, 043015 (2020)
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GW190814: Gravitational Waves from
the Coalescence of a 23 Mg Compact Object
Abbott et al 2020 ApJL 896 L44
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GW190521: A Binary Black Hole Merger with

a Total Mass of 150 Mg

120 —_—
SEOBNR PHM 1.00
—— Phenom PHM SEOBNR PHM
100] = NRSurPHM ‘ 0.75] —— Phenom PHM
s NRSur PHM
0.50] = Prior B o -
— 804 0.251 _
o 1 =2 e
e . = 0.001 E==axz
Q ~ E
3 60 o f‘ s,
025
— —050
40
—0.75
20 v —1.00
60 80 100 120 140 0.0 02 04 0.6 0.8
m [Mo] P

« Short signal, difficult to analyze

Phys. Rev. Lett. 125, 101102 (2020)
Astrophys. J. Lett. 900, L13 (2020)

Network SNR about 14-15
BBH z=0.8 with unusually high component masses
Mild evidence for spin-induced orbital precession
Primary in mass gap for pair-instability SN theory
Final: IMBH
Formation channels?

« Multiple stellar coalescence

« Hierarchical merger of lower-mass black holes
31



GW200105/GW200115

LETTERS, 915:L5 (24pp), 2021 July 1 https://doi.org /10.3847/2041-8213 /ac082e

merican Astronomical Society.

THE ASTROPHYSICAL JOURNAL

CrossMark
Observation of Gravitational Waves from Two Neutron Star—Black Hole Coalescences

= GW200105 was observed by two
detectors (LIGO Livingston &
Virgo). The signal can be
appreciated directly in the LIGO
Livingston time-frequency map;

= GW200115 was observed by three
detector LIGO-Virgo detector
network. Note the low frequency
features in LIGO Livingston: this is
(non stationary/non Gaussian)
noise.

* |n both cases, Virgo SNR was not
high enough for a detection claim

= Parameter estimation is a
different issue: there all the
observed data are used

Frequency (Hz)

GW200115

LIGO Hanford

10°

GW200105 100

Trralioad o )
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The compact objects zoo

We know about compact objects both
from GW and electromagnetic
observations.

« GW200105/GW200115 where not the
first candidates for NSBH
coalescences

« GW190426: in principle good
parameters, but we have low
confidence about the reality of this
event

« GW190814: a real (and interesting) g EM Black Holes
event. But the secondary mass is GW200115 o ) _
quite large for a neutron star Te——y GW200105
(2.50Mp <m < 2.67Mg at 90% EM Neutron Stars
confidence). Probably a BHBH.

See: R. Abbott et al 2020 ApJL 896 L44 '

LIGO-Virge Neutron Stars v

Credits: LIGO-Virgo | Frank Elavsky,Aaron Geller|Nortwestern
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Localization and follow-up

G\W200105 2 detectors
= Sky localization: 60° 60°
7700 deg? = 6000 deg? 30° 30°
= 170 Mpc < D; < 390 Mpc 0 | | 0°
0" 21" gh on . . .
» Several follow-ups: \ Thick solid contours: 90% credible
no counterparts =0 20 regions from the low-latency sky
60° _60° localization algorithm
From: ApJL, 915, L5 (2021
. Sky | lization: 60° Gwzooils 60° 3 detectors
y locatization: Shaded patch: preferred high-spin
900 deg® = 600 deg? 30° 30° analysis, dotted contours are 90%
0° credible regions
= 200 Mpc < D; <450 Mpc 0° | [ o | | |
0" 21" 18" A4 15" 12" oh 6" 3 oh
» Several follow-ups: 300> o

no counterparts

-60° -60°
From: ApJL, 915, L5 (2021)

Singer LP and Price L 2016 PRD 93 024013, Speagle J. S. 2020 MNRAS 493 3132, Lange J., O'Shaughnessy R. and Rizzo M. 2018 arXiv:1805.10457,
Veitch J., Raymond V., Farr B. et a/ 2015 PRD 91 042003
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Masses

GW200105 GW200115

Low 5pin - High 5pin - Low Spin - High Spin

(2 < 0.05) (xz <0.99) (xz < 0.05) (x2< 0.99)

Primary mass my/Mg 8971 89712 5970 57°5%

.2 +1.3 ! +0F i | : L7
19753 1973 ATy 155 [ ; &~ \.\ M, TOV
\ Jﬁ"fmax GNS

Mass ratic g 021086 0221008 0247031 0.26+03 - \\

c -
Secondary mass mz/Mq

Total mass M/Mq, 1080 1097} 73413 7.4
“q=1/10

Chirp mass M /M. 341008 341008 242400 242003

Detector-frame chirp mass (1 + 2)M /M= 361970000 3.6197008  2.580°0008 25797000 i
— high spin

Primary spin magnitude 1 0.09" 148 0.08" 1 0.31°53 0.33°035 UT : -=- low spin

—00r0n ool —oaat Pl —oae 951 N AN m GW200105
- i ) W GW200115
Effective precession spin parameter .07 1 009700 0.9 7% 0217078 r :

° P e oo o o o - B CWI190814

O 28N 0% 30000 W GWI190426.152155

Effective inspiral spin parameter .=

Luminosity distance D /Mpc Tiio T

o0 25
From: ApJL, 91?5 L5 (2021)

Source redshift z 0.067 103 0.067 12 0.07°5003 0.07° 503




Direct evidence of NS

» The deformability parameter is very small A —
when Mgy > My 39 (Mns+12Mpg)°

6

32 M]%[S(MNS + 12MBH) (RN562 )5 ko
GMys

O

Foucart F (2020) Front. Astron. Space Sci. 7:46. doi: 10.3389/fspas.2020.00046
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Why no electromagnetic counterpart?

= Several observations, but no convincing electromagnetic counterparts. This is not
surprising, for several reasons:
= With the observed (too large) mass asymmetries, no tidal disruption is expected.
= Note that anti-aligned spins suppress disruption
= Events are far from us
= There is a large uncertainty in localization, which reduces the chances of a positive follow up

= Some improvement is expected with a
better sensitivity
= Event rate will increase, so it will be possible

to better explore the large space of
parameters for this kind of events

= Sky localization (and parameter estimation)
could improve for louder events

[Image credit: S.V.Chaurasia (Stockholm University), T. Dietrich (Potsdam University and Max Planck Institute for
Gravitational Physics), N. Fischer, S. Ossokine, H. Pfeiffer (Max Planck Institute for Gravitational Physics), T. Vu.]



Multimessenger

"YW Wy 9y
- Radio

No solid electromagnetic counterparts found in O3
Several attempts, not confirmed

We are looking far, and GW are not beamed.

What we could do better?

GW side = improve localization

em side = improve sensitivity

Visibile /IR &

. GW170817

Planck'”
SHoES®

1 T L T 1
50 60 70 80 90 100 110
Ho (kms=* Mpc=?)

Search on O3a data set,
using detection from Fermi &

Swift satellites.

No significant evidence
for gravitational-wave
signals associated with
the followed-up GRB

Lower bounds on the rate
of short gamma-ray
bursts as a function of
redshift forz <1

T
120

Fraction of GRBs

- 120

- 130

t (deg)

- 140

- 150

- 160

C {5

10°

Independent method for
Hubble parameter
determination: GW are a new
cosmic distance marker
Abbott et al. 2017, Nature, 551, 85A
* Most direct way: when we
have an optical counterpart
+ Alternatively: by localizing
the host galaxy
« And/or: statistically, on a
large sample of events

—=— Obgzerved

--—— Expected

I I;IIIIII\_l I I \II\Il\[][.J

TTT
1072 10
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Alert timeline in O3
(see https://emfollow.docs.ligo.org/userguide/index.htmil)

Time since gravitational-wave signal

Automated Vetting || 1st Preliminary
Classification || Alert Sent

Rapid Sky Localization [

Cluster additional events 2nd Preliminary
Re-annotate []{ Alert Sent

Parameter Estimation [
Human Vetting [

Classification |

Initial Alert or
Retraction Sent

Parameter Estimation [ | Update

Classificationl Alert Sent

10 second 1 minute 1 hour 1 day 1 week
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Localization

= | ocalization is roughly proportional to the
timing accuracy Ar,

1
~ 27SNRAf

AT

30°

> = Phase and amplitude consistency are
taken into account also.




Gravitational lensing of GW Astrophys. J. 923, 14 (2021)

Analogous to gravitational lensing of light
Gravitational-wave detector GWS g Ot :

/

Galaxy lens

« Magnification
 Multiple “images”
« Frequency dependent deformations

ESA/Hubble & NASA NASA, ESA, and STScl NASA, ESA, Hubble SM4 ERO Team, ST-ECF

10 Potentially:
T_ 104 Nolensing  Test of fundamental physics
}%103_  Localization of merging BH
s » Precision cosmology
S . . .
« Microlens population studies
10!
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https://iopscience.iop.org/article/10.3847/1538-4357/ac23db

GW transients un-modeled searches

« All-sky search for short GWs bursts. Astrophysics sources could
include: BBH, CCSNe, cosmic strings, pulsar glitches
(arxiv:2107.03701):

« all sky unmodeled search for GW transients < 1s
* no new candidates found apart from CBC sources

- set current upper limit (about one order of magnitude better than
the previous O2 limit over most of the frequency bandwidth)

All-sky search for long GW bursts. Astrophysics sources could include
fallback accretion, accretion disk instabilities, newborn neutron stars
from BNS merger or core-collapse supernovae, eccentric compact
binary coalescences (arxiv:2107.13796):

= all sky un-modeled search for GW transients 2-500 s
= no new candidates found
= amplitude sensitivity improved by a factor of 1.8 wrt the analysis from O2

IMBH search & GRB search

= Search for intermediate-mass black hole binaries in the third observing run of Advanced
LIGO and Advanced Virgo

= Search for Gravitational Waves Associated with Gamma-Ray Bursts Detected by Fermi and
Swift During the LIGO-Virgo Run O3b

= |n preparation: magnetar bursts, FRB triggered search, eccentric BBH
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CW searches

= Weak and persistent signal.
= Targeted (particular source)
= All sky (unknown sources)

* Not really monocromatic

= Modulations

= Spin down, environment effects,
glitches

All-sky search
Abbott et al. arXiv:2012.12926
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Upper Limits on the Isotropic Gravitational-Wave Background from Advanced
LIGO’s and Advanced Virgo’s Third Observing Run

Stochastic background searches

https:

-8

—13-12-11-10-9 -8 =7 -6 =5

log o Q2ret

Uniform prior

Log-uniform prior

a 03 02 [43]  Improvement 03 02 [43]  Improvement
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Constraints on cosmic strings using data from the third Advanced LIGO—Virgo

observing run

https://arxiv.org/abs/2101.12248
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https://arxiv.org/abs/2101.12130
https://arxiv.org/abs/2101.12248

Stochastic background searches (phys. Rev. b 104, 022005)

It is also possible to look at anisotropies . v oo
A\ a=2/3
= The single detector is not particularly directional, - vEN s
but the network is; B
= At the moment, no evidence for a SBGW
= Continuously improving the upper limit for i =
direction-dependent GW luminosity '

a=0 a=2/3

il 1. 24 T 7 } il 2.5 2 .
_ - 3 )
[sr1] x107* [sr1] x1079 [srY] x107¢ | ‘ 1 [ | 1 I %5 |
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Gravitational waves and dark matter

« Evidences: CMB power spectrum,
cluster & galactic rotation curves,
gravitational lensing

« Large span for DM candidate masses:
from ultralight bosons (~ 10722eV) to
BH(~1-100Mg).

« Gravitationally interacting, gravitational
physics can help!

« GW sources can be affected by DM

« By changes of their evolution by
environmental effects

« By changes of their nature and dynamics
(when new interactions exist in the DM
sector). They can be DM candidates by itself
(SSM black holes)

"y

Dark Sector Candidates, Anomalies, and Search Techniques
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Reference: arXiv:1707.04591
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http://arxiv.org/abs/arXiv:1707.04591

DM candidates searchable with gravitational waves

= Environmental effects on compact objects

= The compact object structure can be changed:
accretion disk, spin down effects, formation of a DM
core

» The GW production mechanism can be changed

» |npact on propagation of generated GW and EM
waves

= Signature: Unusual waveform

= Primordial black holes

» Microlensing data seems to exclude that ALL DM
can be explained in this way.

» Not completely uncontroversial, some assumptions
can be weakened;

»= Could be responsible for a fraction of DM;
- Signature: Subsolar mass BH evidence

= Exotic objects

= GW190521 is compatible with a merger between two
complex vector boson star, with m;, ~ 8.7 x 10713
eV (head on colhsmn?

See Phys. Rev. Lett. 126, 081101

= Superradiance effects

= A Kerr BH can transfer efficiently its energy to a
cloud of ultra-light bosons, (scalar or vector) when
A ~ R (which means 10™%teV < m,< 1071el)

= The cloud can emit a nearly-periodic, long duration
GW &ﬁnal potgntially detectable by LIGO-Virgo-
KAGRA if 107 13eV <m,< 107 teV

From: https://physics.aps.org/articles/v10/83

17 (2018) 47



Subsolar mass BH search

= SSM BH cannot be produced
by any astrophysical
mechanism

»No candidate found

= Significative improvement of
microlensing and SN lensing
constraints

= Will improve in the future

1071 |

PBH

S—

1072

10
: \ \

10! 10"
m (M)

10! 10°
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DM direct coupling

= DM can DIRECTLY (no GW) couple to the
detector, in a way which depends on the
candidate

= Dilaton (fundamental constant modulation)
Axion (IF beam phase modulation)

dark photon (direct coupling to mirrors)

= tensor,

= Ultra- ll%ht DM: bosonlc field with huge
occupation numbers

- Signature; Quasi-monochromatic
(Maxwell-Boltzmann broadened) signal
correlated between different detectors

- frequency is determined by the mass

- Broadening contains information about DM

distribution

ma(eV)
10—13 10—1? 10—15 10—15 10—14 -10—13 10—12

‘Lunar Laser /|
10~ } ranging (20)

10—45 L

1 0—46

10—4?

10—48 L

10—49 L

10750 N N N ) . .
1073 0.01 0.1 1 10 100 10°
f(Hz)

The 20 exclusion limit and 50 discovery potential obtained from LIGO and
LISA after 2 yr of coincident running for B dark photon dark matter.
Coupling strength is normalized to EM coupling strength, i.e., € = a/agy,

which is not constrained theoretically From: Phys Rev. Lett. 121, 061102

Dark photon searches: see https://arxiv.org/abs/2105.13085
and references therein 49



https://arxiv.org/abs/2105.13085

Cumulative fraction of events Cumulative fraction of events

Cumulative fraction of events

0O4: what we expect
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or 02 03 04 05
BNS Range (Mpc)  aLIGO 80 100 110-130  160—190 330
AdV - 30 50 90120 150—260
1.4Mo +30M.,  KAGRA - - 8-25 25-130 130+
BBH Range Mpc)  aLIGO 740 910 990-1200  1400—1600 2500
AdV . 270 500 860—1100 13002100
30Ms +30Ms  KAGRA - 3 80260 260-1200 1200+
NSBH Range (Mpc)  aLIGO 140 180 190-240  300-330 590
AdV . 50 90 170-220 270480
1.4Ms +10Ms  KAGRA - ] 15-45 45-290 290+
Burst Range (Mpc)  aLIGO 50 60  80-90 110-120 210
Egw = 10-2Mo ) AdV : 25 35 6580 100155
KAGRA - : 5-25 25-95 95+
Burst Range (kpc) alIGO 15 20 25-130 35 — 40 70
Egw = 10" M) AdV : 10 10 20 — 25 35 — 50
KAGRA - : 0-10 10 — 30 30+

SNR = 8 on each detector
Living Rev Relativ 23, 3 (2020). https://doi.org/10.1007/s41114-020-00026-9
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Summary

100 3 me Horizon 73
10% detected
50% detected-

= LIGO-Virgo and future GW detectors opening new
windows for study of extreme astrophysical systems

= O3 provides new constraints on BBH population 10 |
models, deviations from general relativity, masses of F
BHs, formation channels of massive BHs, and more

Redshift

= Starting to explore
= Neutron star astrophysics (structure? EOS? Vortex dynamics?)

= Merger physics

= Cosmology
= lensing 0.1L Voyager CE i
»  Multi-messenger astronomy (GRB, kilonova) 1 - IIIO = 160 — '1'600

Connections with fundamental theories (dark matter, dark
energy, graviton mass, Lorentz invariance bounds, speed of light,
speed of GW, test of Equivalence principle)

Beyond GR (polarization of gravitational waves, testing GR in
dynamic strong field regime)

Structure of BH (no hair theorem, exotic objects, QNM, echos,
parity violation, axions)

w—al IGO ==ET .

Total source-frame mass [M]

A lot of work to do, and (hopefully) a lot of new

scientific discoveries ahead.

A you faﬁ your allention, .,
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